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Using repeated in vivo imaging, we addressed the role of target muscle ®bers in the maintenance of frog motor nerve
terminals at synaptic sites. Target-deprived nerve terminals were generated by selective and permanent removal of muscle
®bers without damage to the innervation. Individual nerve terminals, stained with the dye FM1-43, were imaged before
and again during the subsequent 1±9 months of target deprivation and the stability of the nerve terminal arbors over time
was determined. Repeated observation of motor nerve terminals showed that nerve terminals were well maintained at
synaptic sites during the ®rst 1±2 months after target loss; the original number of nerve terminal segments was retained
at 85% of the synaptic sites after muscle damage. After long periods of target deprivation, 6±9 months, loss or retraction
of nerve terminal segments resulted in a reduction in the arbor of most but not all nerve terminals. This apparent nerve
terminal destabilization was not a result of illumination or irradiation because a similar decrease in the extent of nerve
terminal arbors was not observed at control irradiated neuromuscular junctions. The persistence of many complete target-
deprived nerve terminal arbors at synaptic sites long after target degeneration suggested that the cues that confer stability
to frog motor nerve terminals likely reside external to muscle ®bers and may be associated with the synaptic basal lamina
or the terminal Schwann cell. Since the arbors of many target-deprived nerve terminals were eventually reduced, the
nonmuscle stabilization cues may not persist inde®nitely at target-deprived synaptic sites. q 1998 Academic Press
INTRODUCTION sites (Rich and Lichtman, 1989b; Balice-Gordon and Licht-
man, 1993).
Although synapse stabilization and maintenance are criti- The role of target in stabilizing nerve terminals was also
cal for the maturation and continuous function of a synapse, examined in adult frogs where muscle ®bers can be perma-
little is known about the processes by which nerve termi- nently removed from synaptic sites (Sanes et al., 1978; Yao,
nals are maintained. One possibility is that target cells pro- 1988a). When deprived of target, frog nerve terminals were
vide stabilizing cues to innervating neurons. At adult neuro- observed at synaptic sites several months after target re-
muscular junctions, it has been possible to test this hypoth- moval (Yao, 1988a; Dunaevsky and Connor, 1995). These
esis by surgically damaging target muscle ®bers while target-deprived nerve terminals were functional as they re-
leaving the nerve terminals intact (Yao, 1988a; Rich and sponded to stimulation with transient increases in intracel-
Lichtman, 1989a). Repeated in vivo imaging of mouse neu- lular calcium and the release and recycling of synaptic vesi-
romuscular junctions revealed that branches were rapidly cles (Reist and Smith, 1992; Dunaevsky and Connor, 1995).
lost from nerve terminals after muscle ®bers were damaged It has been tempting to interpret these results as evidence
(Rich and Lichtman, 1989a). Regeneration of muscle ®bers that frog nerve terminal arbors persist in their entirety in
in this experiment, however, left whether the nerve termi- the absence of muscle. In these experiments, however, tar-
nals would have completely retracted from synaptic sites get-deprived nerve terminals were observed at single time
if permanently deprived of target muscle unresolved. This points using synaptic markers whose stability in the ab-
observed dependence of adult nerve terminals on target for sence of both nerve and muscle were unknown. Thus, re-
stability was consistent with the target dependence of de- modeling of the nerve terminal arbor in response to target
veloping mouse motor nerve terminals where postsynaptic loss may not have been detected. As a result, the response
reorganization appeared to precede and perhaps direct the of frog nerve terminals to target loss may be consistent with
the mammalian ®ndings: target deprivation may result inretraction and elimination of nerve terminals from synaptic
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7.2) containing rhodamine-conjugated PNA (Sigma, St. Louis, MO,rapid retraction of nerve terminal branches producing func-
33 mg/ml in Ringer's solution) for 15±30 min. The muscles ortional but vestigial nerve terminals. The experiments re-
sheaths were rinsed, and next stained with FM1-43 (Molecularported here address and resolve the issue of stability of frog
Probes, Eugene, OR; 5 min, 2 mM FM1-43 in high K/ Ringer's solu-nerve terminals in the absence of target muscle ®bers.
tion:60 mM K/ with reduced external [Na/ ]), and again rinsed inWe quantitatively measured the stability of frog motor
normal Ringer's solution. The in situ staining with FM1-43 was
nerve terminals deprived of target muscle ®bers by repeated activity dependent because FM1-43-labeled nerve terminals were
in vivo imaging. We report here that frog nerve terminals destained with additional stimulation in the absence of dye.
deprived of target did not rapidly retract nerve terminal After staining, the anesthetized frog was mounted on a cooled
branches as was reported at mammalian synaptic sites. In- (0±27C) aluminum plate attached to the stage of a Zeiss Axioskop
stead, frog nerve terminals were functionally and structur- 20 equipped with an HBO 50-W Hg lamp. The reduced temperature
of the aluminum plate slowed the heart and reduced chest move-ally maintained, often in their entirety, for months in the
ment (Herrera and Banner, 1990). Muscles or innervated sheathsabsence of muscle ®bers. These data suggest that cues exter-
were viewed with a 101 objective using oblique ®ber optic illumi-nal to target muscle ®bers are suf®cient to stabilize adult
nation. The branching pattern of the nerve and the location of bloodfrog nerve terminals at synaptic sites. These stabilization
vessels were determined and recorded on a site map (Lichtman etcues, although possibly derived from muscle, may be associ-
al., 1987; Balice-Gordon and Lichtman, 1990). A spring-loaded plateated with nonmuscle components of the synapse, such as
®tted with a coverslip (48 1 60 mm) was then placed over the
the terminal Schwann cell or the synaptic basal lamina. muscles or innervated sheaths and an area containing synaptic sites
After 6±9 months of target deprivation, we found that nerve was selected and viewed using a 251 or 401 immersion lens.
terminal arbors at target-deprived synaptic sites were likely Since some muscle ®bers either persisted or regenerated in inner-
to be reduced from their original size, suggesting that the vated sheath preparations (Dunaevsky and Connor, 1995), it was
stability cues may not function inde®nitely in the absence important to identify with accuracy a synaptic site as target de-
prived in the intact frog. We found that the presence of muscleof muscle ®bers. The frog neuromuscular junction is a use-
striations reliably identi®ed synaptic sites in vivo as either in con-ful system in which to identify the nonmuscle factors that
tact with a muscle ®ber or an empty basal lamina sheath. Thestabilize motor nerve terminals in that they, unlike their
presence or absence of muscle ®bers at identi®ed synaptic sitesmammalian counterparts, persist for periods after muscle
was con®rmed in whole mount in most preparations at the time®ber degeneration.
of the ®nal dissection by staining with either nitroblue tetrazolium,
which labeled nerve terminals and allowed clear identi®cation of
muscle ®ber striations (Fig. 1; Letinsky and DeCino, 1980; Herrera
MATERIALS AND METHODS and Banner, 1990) or rhodamine-labeled a-bungarotoxin, to demon-
strate the absence of acetylcholine receptors (Dunaevsky and Con-
nor, 1995). Identi®cation of target-deprived nerve terminals in liv-Surgery. Adult male frogs, Rana pipiens (J. M. Hazen Inc., Al-
ing animals with these methods was highly reliable; in no instanceburg, VT) were anesthetized by immersion in 0.2% tricaine meth-
was a synaptic site that was determined to be target deprived inane sulfonate (pH 7.2) and cooled on ice. Cutaneous pectoris mus-
vivo later found to be in contact with a muscle ®ber. Althoughcles, situated just beneath the skin of the thorax, were exposed and
some innervated sheaths contained muscle ®bers, these ®bers weremuscle ®bers were damaged by making careful incisions across
not responsible for the persistence of neighboring target-deprivedmyo®bers and between nerve arbors while leaving the motor in-
nerve terminals since we previously demonstrated the presence ofnervation undamaged (Yao, 1988a; Anglister, 1991; Dunaevsky and
functional nerve terminals in sheaths totally devoid of muscle ®-Connor, 1995). Within 2 weeks, the myo®ber segments degenerated
bers (Dunaevsky and Connor, 1995).and were phagocytized, leaving empty basal lamina sheaths of mus-
Images of synaptic sites stained with PNA and FM1-43 werecle ®bers with original nerve terminals intact. These preparations
recorded in vivo at several focal planes using a Dage VE-1000 SITare referred to as innervated sheaths. Regeneration of myo®bers
camera. Images were captured by a Scion LG-3 Scienti®c Framewas prevented by X-irradiation of the thorax on 3 consecutive days
Grabber, averaged (116), and stored using NIH Image softwareat the time of surgery (total dose/day, 3900 rad; Sanes et al., 1978;
package version 1.54. A neutral density ®lter (0.6% transmittance),Yao, 1988a).
a minimum aperture setting, and maximum illumination time perIn vivo observations. Synaptic sites were identi®ed by staining
synaptic site of 60±90 s were used to reduce possible damage towith peanut agglutinin (PNA) which marks synaptic and Schwann
nerve terminals due to illumination (Herrera and Banner, 1990;cell basal laminae (Ko, 1987). Nerve terminals were visualized with
Langenfeld-Oster et al., 1993). Following capturing of the images,the activity-dependent dye, FM1-43, which labels recycled synaptic
the skin was sutured.vesicles of intact and target-deprived frog motor nerve terminals
For repeated viewing, frogs were reanesthetized and the muscles(Betz et al., 1992; Dunaevsky and Connor, 1995). In some frogs,
or innervated sheaths were restained. Synaptic sites were relocatedsynaptic sites were ®rst identi®ed in intact muscles which were
using site maps and previously recorded images. Additional target-then surgically damaged to remove muscle ®bers. In others, the
deprived synaptic sites, which were not imaged prior to muscleinitial observations were made in innervated sheaths.
®ber removal (due to time limitations of surgery and irradiation),Frogs were anesthetized and chilled on ice. The cutaneous pecto-
were also recorded 1 to 2 months after target loss. Preparationsris muscles or innervated sheaths were exposed by cutting a skin
were viewed a total of 2±4 times over a period of up to 9 months.¯ap. A strip of Kimwipe was applied to the surface of muscles or
Montages of synaptic sites were created with NIH Image by digi-sheaths and repeatedly saturated with normal frog Ringer's solution
(160 mM NaCl, 4 mM KCl, 1.8 mM CaCl2, 1 mM NaH2PO4, pH tally pasting portions of synaptic sites imaged at different focal
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FIG. 1. Nerve terminals, visualized in vivo with oblique ®ber optic illumination, were identi®ed as target deprived or in contact with
muscle ®bers by the presence or absence of muscle striations. The nerve terminal labeled 1 was identi®ed as target deprived, while the
one labeled 2 was scored as in contact with a muscle ®ber. Nerve terminals, stained with FM1-43 (A), were visualized in a living frog at
PNA-stained synaptic sites (B) in an innervated sheath 7.5 months after muscle ®ber damage. (C) After dissection, staining of nerve
terminals with NBT and synaptic sites for cholinesterase con®rmed that nerve terminal 2 was in contact with a muscle ®ber by the
presence of striations while nerve terminal 1 was target deprived. The arrow marks a PNA-stained portion of the target-deprived synaptic
site (1) that was unoccupied by a nerve terminal (unstained with FM1-43 or NBT). The cholinesterase stain was much fainter at the target-
deprived synaptic site (1) when compared to the level of stain at the intact neuromuscular junction (2). Bar, 50 mm.
planes. Additional adjustments to brightness and contrast were per- the basal lamina, small episodes of growth or retraction may not
have been detected using these criteria.formed with Adobe Photoshop 3.0.
Analysis. To determine the stability of nerve terminals at syn- Illumination and X-irradiation control. Control muscles were
exposed to identical doses of X-irradiation and illumination as in-aptic sites during the period of viewing, the pattern of identi®ed
nerve terminals was analyzed using images obtained at each time nervated sheath preparations. The length of nerve terminal seg-
ments at these intact neuromuscular junctions was measured frompoint. Stored images of nerve terminals stained with FM1-43 were
traced from the monitor screen onto acetate sheets and compared computer images using NIH Image.
to images of the same synaptic site stained with PNA. Length
measurements of segments of target-deprived nerve terminals were
not performed due to distortions resulting from collapse of the basal RESULTS
lamina following muscle ®ber removal. Instead, the nerve terminal
arbor at a synaptic site was analyzed by numbering all clearly iden-
Stability of Motor Nerve Terminals 1 to 2 Monthsti®ed nerve terminal segments, de®ned as the portion of a nerve
after Removal of Target Muscle Fibersterminal between branch points or between a branch point and a
nerve ending (Herrera et al., 1990). The fate of identi®ed nerve In general, nerve terminals were well maintained at syn-
terminal segments was then determined at each subsequent view- aptic sites in the absence of target muscle (Fig. 2). Synaptic
ing. Each terminal segment was scored as either having undergone
sites and nerve terminals were ®rst stained and visualizedno change, retraction, or growth over time by comparing the over-
in intact muscles and then restained and relocated 1 to 2lap between PNA and FM1-43 stains between time points. Alter-
months after muscle ®ber removal. Nerve terminals de-ations in the relative extent of terminal segments within the termi-
prived of targets retained the ability to release and recyclenal that could not be attributed to distortion of the basal lamina
sheath were also taken into consideration. Given the distortion of synaptic vesicles as demonstrated by their incorporation of
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FIG. 2. Nerve terminals were well maintained at synaptic sites after loss of target muscle ®bers. A synaptic site was stained with
rhodamine-conjugated PNA (A, C) and its associated nerve terminal with FM1-43 (B, D) ®rst in the intact muscle (A, B) and again after
2 months of target deprivation (C, D). Bar, 25 mm.
the dye, FM1-43, upon stimulation (Dunaevsky and Con- prived nerve terminals and synaptic sites appeared com-
pressed or shortened upon reexamination due to slackeningnor, 1995). When compared to their structure before target
removal, the pattern of branching of most nerve terminals of the muscle basal lamina sheath after muscle ®ber re-
moval, although the patterns of nerve terminal branchesat target-deprived synaptic sites was unaltered. Fifty-nine
of 69 nerve terminals viewed before and 1 to 2 months after were still recognizable. In other cases, the general location
of a synaptic site was relocated but the individual synapticmuscle ®ber removal retained each of their original nerve
terminal segments. These data indicate that frog nerve ter- site could not be distinguished from its neighbors. In addi-
tion, synaptic sites may have been lost during surgery.minals are stably maintained at synaptic sites during the
®rst months of target deprivation.
Not all of the synaptic sites initially imaged in intact
Stability of Motor Nerve Terminals Deprived ofmuscle were reidenti®ed in innervated sheaths. Seventy-
Target Muscle for up to 9 Months®ve of 229 synaptic sites imaged in intact muscle were
relocated 1 to 2 months after muscle ®ber removal; of these, To measure the stability of nerve terminals with contin-
ued target deprivation, 346 synaptic sites were viewed 1±269 nerve terminals were analyzed for stability. The failure
to reidentify a synaptic site was not likely due to retraction months after target removal. Seventy-®ve of these sites had
been previously imaged in intact muscle. An additional 271of nerve terminals after target loss because evidence sug-
gests that vacated synaptic sites remain marked by PNA. sites were imaged for the ®rst time 1±2 months after muscle
damage. Together, 267 of the 346 synaptic sites or 77%After denervation, both neuromuscular junctions (Soma-
sekhar and Ko, 1991) and target-deprived synaptic sites (data were reidenti®ed and reimaged during the 9 months after
target removal. These long-term observations revealed de-not shown) were stained by PNA. Moreover, repeated im-
aging revealed that PNA persisted at target-deprived synap- grees of nerve terminal stability ranging from near perfect
preservation of nerve terminals to apparent retraction oftic sites after partial or complete withdrawal of a nerve
terminal (see Figs. 5 and 6). We infrequently detected synap- nerve terminals from synaptic sites (see quantitative analy-
sis below). Some nerve terminals were maintained at synap-tic sites that were unstained by FM1-43 and likely unoccu-
pied by nerve terminals. Of the 75 synaptic sites viewed tic sites for up to 9 months after target removal with little
or no loss or shortening of terminal segments (Fig. 3). Atboth before and 1±2 months after target loss, only one syn-
aptic site was stained by PNA and not FM1-43. Such vacant other synaptic sites, the extent of the nerve terminal arbor
appeared reduced after prolonged target deprivation, sug-synaptic sites may have resulted from damage to axons dur-
ing the surgery to remove muscle ®bers (Dunaevsky and gesting that the nerve terminal had vacated portions of its
synaptic site (Fig. 4). Apparent retraction of the entire nerveConnor, 1995).
The dif®culty in relocating synaptic sites in innervated terminal was also observed at a few synaptic sites (Fig. 5).
Analysis of repeated in vivo images of target-deprivedsheaths was likely a consequence of surgical damage to the
muscle. Landmarks and the synaptic site itself may have nerve terminals demonstrated that some segments of nerve
terminals underwent partial retraction during the period ofbecome distorted as a result of the collapse of the emptied
muscle ®ber basal laminae. In some instances, target-de- viewing (Fig. 6). The extent of some nerve terminal seg-
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FIG. 3. Some nerve terminals were maintained at synaptic sites after prolonged loss of target muscle ®bers with little or no alteration
in the nerve terminal arbor. PNA-stained synaptic sites (A, C) and the associated target-deprived nerve terminals, stained with FM1-43
(B, D), were imaged both 1.5 months (A, B) and 8 months (C, D) after muscle ®bers were damaged and removed. Bar, 25 mm.
ing. Due to distortions resulting from collapse of the basalments, marked with FM1-43 stain, appeared shortened at
lamina following muscle ®ber removal, it was not possiblelater viewings when compared to earlier images. The va-
to use length measurements of target-deprived nerve termi-cated portions of synaptic sites, now unstained by FM1-43,
nals. Instead, two indices of nerve terminal stability wereusually remained stained by PNA, although the PNA stain
assessed at each synaptic site. First, the number of nervein these regions was often fainter than the PNA stain in
terminal segments for a given nerve terminal was deter-areas of the synaptic site marked by FM1-43.
mined at different viewings and expressed as a ratio of ter-
minal segment number at the later viewing to terminal seg-Quanti®cation of Nerve Terminal Stability ment number in the initial viewing (Fig. 7A). This ratio of
The stability of nerve terminals in the absence of target terminal segment number for a given nerve terminal pro-
vided a measure of the loss or addition of entire terminalmuscle ®bers was quanti®ed over several months of view-
FIG. 4. At some synaptic sites, nerve terminal segments were gradually retracted or lost over time in the absence of muscle. A PNA-
stained synaptic site (A, C, E) and associated nerve terminal, stained with FM1-43 (B, D, F), was imaged at in intact muscle (A, B) and 1
month (C, D) and 4 months (E, F) after muscle damage. Bar, 50 mm.
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FIG. 5. Nerve terminals were completely lost from a minority of synaptic sites after prolonged target deprivation. After staining with
PNA (A, C) and FM1-43 (B, D) a synaptic site was imaged 2 months (A, B) and 8.5 months (C, D) after muscle damage. The PNA-stained
synaptic site at the later viewing (C) was not occupied by a FM1-43-stained nerve terminal (D). Bar, 25 mm.
segments (Figs. 7B±7D, black bars). Second, to attain a more These data were expressed as a ratio of the number of termi-
nal segments that were unchanged at the later viewing tosensitive measure of the stability of individual nerve termi-
nal segments, we determined whether a given terminal seg- the total number of terminal segments in the initial viewing
(Figs. 7B±7D, hatched bars).ment changed between viewings by comparing the overlap
between FM1-43 and PNA stains and the relative extent of When nerve terminals, imaged 1 to 2 months after target
removal, were compared with original images obtained be-terminal segments (see Materials and Methods, Fig. 7A).
fore muscle damage, we found that 55% of nerve terminals
were perfectly maintained at synaptic sites after target dep-
rivation with no evidence of loss or shortening of terminal
segments (Fig. 7B). Of the remaining nerve terminals, retrac-
tion or shortening of some terminal segments was observed
with terminal segment loss occurring at less than 15% of
nerve terminals. When comparisons were made of nerve
terminals imaged ®rst 1 to 2 months after target loss and
again 3 to 5.5 months after target loss, 54% of nerve termi-
nals were maintained at synaptic sites with no loss of termi-
nal segments (Fig. 7C, black bars). While 25% of nerve ter-
minals were perfectly maintained, there was evidence of
shortening of at least one terminal segment at each of the
remaining nerve terminals (Fig. 7C, hatched bars).
Although some nerve terminals remained in their en-
tirety at synaptic sites after 6 to 9 months of target depriva-
tion, destabilization of terminal segments was evident at
most nerve terminals. Comparisons of nerve terminals at 1
FIG. 6. Some nerve terminal segments partially retract from syn- to 2 months after target loss and 6 to 9 months after target
aptic sites in the absence of target muscle. A nerve terminal was loss revealed that loss or partial retraction of at least one
stained with FM1-43 (green) and the synaptic site was marked with terminal segment was evident in nearly 90% of analyzed
rhodamine-conjugated PNA (red) at a target-deprived synaptic site
nerve terminals (Fig. 7D). At least half of the nerve terminalimaged both (A) 1.5 months and (B) 5.5 months after muscle ®ber
arbor remained perfectly maintained however in greaterremoval. The images of FM1-43 and PNA stain were merged to
than 50% of the nerve terminals analyzed at this long timeallow for their comparison. While the stained nerve terminal fully
of target deprivation (Fig. 7D, hatched bars). Further, nerveoccupied the synaptic site in the original viewing, it had retracted
terminals remained at least in part at greater than 80%at the second viewing, exposing the end portion of the synaptic
site (arrow). Bar, 25 mm. of synaptic sites. These data demonstrate that a gradual
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reduction in the nerve terminal arbors occurs at most but
not all nerve terminals after prolonged target deprivation.
We did not note any substantial growth of target-deprived
nerve terminals over the period of viewing, although some
growth may have been offset or masked by distortion of the
synaptic site due to removal of the muscle.
Repeated in Vivo Imaging of Control Irradiated
Muscle Fibers
Nerve terminals and synaptic sites were repeatedly
stained and imaged in control muscles subjected to similar
doses of irradiation and illumination as innervated sheath
preparations. Control nerve terminals remained at synaptic
sites over the time period analyzed, up to 9 months, and
on average did not exhibit the gradual destabilization and
reduction in nerve terminal arbors observed at target-de-
prived synaptic sites. In fact, the majority markedly in-
creased in size during the period of viewing (Fig. 8). Analysis
of the length of individual terminal segments of control
nerve terminals, which was possible at intact neuromuscu-
lar junctions, revealed that 37% of the terminal segments
were unchanged over the course of months, while the ma-
jority of terminal segments either grew or retracted consis-
tent with previous observations (Fig. 9A, Herrera et al.,
1990; Chen et al., 1991). The addition of a new terminal
segment was observed at one control nerve terminal. Of 44
nerve terminals analyzed, 33 underwent overall growth in
total nerve terminal length during the 5 to 8 months be-
tween viewings, 10 were reduced in overall length, and 1
was unchanged (Fig. 9B). The average change in total termi-
nal length was 6.9%. These results are consistent with ob-
servations made in normal cutaneous pectoris and sartorius
frog muscles (Herrera et al., 1990; Chen et al., 1991; Langen-
feld-Oster et al., 1993).
In addition to the measurements of terminal segment
length at control neuromuscular junctions, the stability of
segment 5 had partially retracted and terminal segment 6 had been
lost. An index of the stability of terminal segment number (B±D,
black bars) was expressed as a ratio of the number of terminal
segments in the later viewing to the number of terminal segments
in the initial viewing and was 5/6 or 0.83 for the illustrated nerve
terminal. An index of the extent of change in terminal segments
between viewings (B±D, hatched bars) was determined as the ratio
of the number of terminal segments that were unchanged at the
later viewing to the total number of terminal segments in initial
viewing. For the illustrated nerve terminal, this value was 4/6 or
0.67. The stability indices are plotted for comparisons made be-
tween viewings of nerve terminals (B) before and 1 to 2 months
FIG. 7. Quanti®cation of stability of target-deprived nerve termi- after muscle ®ber removal (n  69 nerve terminals), (C) 1 to 2
nals. (A) A schematic representation of a target-deprived nerve ter- months and 3 to 5.5 months after muscle ®ber removal (n  103),
minal at an initial and later viewing. Terminal segments are num- and (D) 1 to 2 months and 6 to 9 months after muscle ®ber removal
bered as described under Materials and Methods and the pretermi- (n  163). Note that the scale of the Y axis in B differs from that
nal axon is marked with an arrow. In the later viewing, terminal in C and D.
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FIG. 8. A control motor nerve terminal increased in size at an intact neuromuscular junction that was exposed to X-irradiation and
illumination. The nerve terminal was stained with FM1-43 and viewed at (A) the initial viewing and then (B) 2 months, (C) 5 months,
and (D) 9 months later. Bar, 50 mm.
these nerve terminals was also analyzed using the ratio of ous studies (Anglister and McMahan, 1985; Yao, 1988a;
Reist and Smith, 1992; Dunaevsky and Connor, 1995) wereterminal segment number as was applied to target-deprived
nerve terminals. We determined that loss of a terminal seg- functional and often complete and not simply remnants of
a nerve terminal ravaged by target loss. We conclude thatment was a rare event in the presence of target muscle.
At 43 of 44 nerve terminals, the ratio of terminal segment a healthy muscle ®ber is not required for the day to day
maintenance of a frog nerve terminal arbor. Rather, the cuesnumber was determined to be 1, re¯ecting retention of all
terminal segments. These data together suggest that neither that confer stability to frog motor nerve terminals reside
outside target muscle ®bers. Having quantitatively de®nedX-irradiation nor repeated illumination of synaptic sites af-
fected the stability of motor nerve terminals or their ability the time course of stability of frog nerve terminals deprived
of target, it is now possible to test the role of nonmuscleto grow.
components of the synapse in the maintenance of nerve
terminals.
DISCUSSION
Identi®cation of Target-Deprived Synaptic SitesThe mechanisms responsible for the maintenance of mo-
and Nerve Terminalstor nerve terminals at synaptic sites are not understood.
Previous analyses of the stability of adult motor nerve ter- Reliable identi®cation of target-deprived synaptic sites
required a marker that would persist for long periods afterminals in the absence of target, using a variety methods,
resulted in an unclear view of the role of muscle ®bers in muscle damage and possible loss of nerve terminals. PNA
is such a marker of synaptic sites. The PNA binding site,maintaining nerve terminals at synaptic sites. To resolve
this issue, we quanti®ed the stability of frog motor nerve in the synaptic and terminal Schwann cell basal laminae
(Ko, 1987), persists after muscle ®ber damage (Dunaevskyterminals at synaptic sites after removal of their target mus-
cle ®bers using repeated in vivo imaging. We found that and Connor, 1995). Further, PNA marked synaptic sites at
denervated neuromuscular junctions for up to 5 monthsfrog nerve terminals did not retract from synaptic sites im-
mediately after target loss but were instead well main- (Somasekhar and Ko, 1991). We demonstrated that PNA
stain also persists at target-deprived synaptic sites in thetained. Our results suggest that the frog nerve terminals
observed at target-deprived synaptic sites in this and previ- absence of nerve since PNA staining was detected for
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terminal arbors stained with NBT was identical to that ob-
served with FM1-43, indicating that no nonfunctional nerve
terminal segments were present. Thus, we concluded that
the observed shortening of terminal segments at some tar-
get-deprived synaptic sites re¯ected a partial retraction of
nerve terminals and not a loss of vesicular release and recy-
cling.
Maintenance of Motor Nerve Terminals
At adult mammalian neuromuscular junctions, damage
to muscle ®bers (Rich and Lichtman, 1989a) or inhibition
of protein synthesis (Santo Neto et al., 1996) resulted in
rapid retraction of portions of nerve terminals. Our analysis
of the stability of frog target-deprived motor nerve terminals
revealed a signi®cantly different level of stability. We dem-
onstrated that 85% of nerve terminals retained each of their
nerve terminal segments after 1±2 months of target depriva-
tion, 10±20 times longer than that observed in the mouse.
We conclude that frog nerve terminals are well maintained
in the absence of muscle and hypothesize that cues that
reside external to muscle ®bers are responsible for the sta-
bility of frog nerve terminals. Similar nonmuscle cues may
normally function to stabilize nerve terminals at mamma-
lian neuromuscular junctions but they may not persist after
muscle ®ber degradation and phagocytosis.
The synaptic basal lamina is one component of the neuro-
muscular junction that might contain stabilizing cues de-
rived from either neurons or muscle ®bers. Candidate mole-FIG. 9. The length of individual terminal segments and total
cules include laminin-b2, a muscle-derived molecule thatnerve terminals was determined for nerve terminals at control X-
has profound effects on presynaptic differentiation (Noakesirradiated neuromuscular junctions. Histograms of (A) the percent-
et al., 1995; Patton et al., 1995). Another molecule, agrin,age change in individual terminal segment length and (B) the per-
appears to induce axons to stop growing and differentiatecentage change in total nerve terminal length were constructed
from measurements of 44 nerve terminals observed 2 to 3 times (Campagna et al., 1995) in addition to its role in initiating
over a period of 5 to 8 months. Comparisons were made between postsynaptic differentiation (for review see Bowe and Fal-
®rst and last viewings of a given nerve terminal. lon, 1995). Also, clear presynaptic defects were evident in
mice de®cient for agrin (Gautam et al., 1996). It is interest-
ing to speculate that these basal lamina components may
also play a role in the maintenance of motor nerve termi-
nals. Our data suggest that stabilization cues in the synapticmonths after withdrawal of either a terminal segment or an
entire nerve terminal from its synaptic site (see Figs. 6 and basal lamina must be very stable and remain functional in
the absence of a living muscle ®ber. Interestingly, frog mo-5, respectively). The stability of PNA at vacated synaptic
sites was ®nite, however, in that PNA stain was reduced at tor nerve terminals that regenerate in the absence of target
muscle ®bers differentiate but fail to be stabilized (Sanes etsynaptic site regions from which the nerve terminal had
retracted several months previously. These data indicate al., 1978; Glicksman and Sanes, 1983; Yao, 1988b). These
data suggest that the stabilization cues that persist at synap-that PNA serves as a reliable marker of denervated target-
deprived synaptic sites for several months making it un- tic sites in innervated sheath preparations are lost or re-
duced to nonfunctional levels after denervation.likely that target loss resulted in immediate and undetected
withdrawal of nerve terminals. Another possible source of stabilization cues is the termi-
nal Schwann cell which caps the motor nerve terminal inSome terminal segments, visualized with FM1-43 stain,
appeared shortened or lost after long periods of target depri- the frog and extends slender cytoplasmic ®ngers that en-
velop the nerve terminal at periodic intervals between re-vation. This raised the question of whether target depriva-
tion resulted in loss of presynaptic function in portions of lease domains. One possible mechanism of stabilization is
that adhesive contacts form between Schwann cell pro-nerve terminals. We believed this not to be the case since
comparison of target-deprived nerve terminals stained by cesses, the nerve terminal, and the synaptic basal lamina
at these sites. The relationship between nerve terminalsboth FM1-43 and NBT revealed that the pattern of nerve
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and terminal Schwann cells differs at mammalian and frog within an individual junction (Herrera et al., 1990; Chen
et al., 1991). The eventual retraction or loss of terminalneuromuscular junctions; there are no Schwann cell ®ngers
at mammalian neuromuscular junctions. Since laminin-b2 segments that we observed at most nerve terminals after
several months of target deprivation may be the long-termis thought to inhibit the adhesion of terminal Schwann cells
to the synaptic basal lamina (Patton and Sanes, 1996), it consequence of target-deprived nerve terminals failing to
undergo episodes of growth equivalent to that at normalwould be predicted to be concentrated at release domains
but excluded from the areas occupied by terminal Schwann neuromuscular junctions. There is good evidence that mus-
cle ®ber growth provides a stimulus for a nerve terminal tocell processes. Terminal Schwann cells have been shown to
respond to the activity of motor neurons as well as loss of grow (Balice-Gordon et al., 1990; Balice-Gordon and Licht-
man, 1990; Herrera and Werle, 1990). We could not demon-contact with motor neurons (Jahromi et al., 1992; Reist and
Smith, 1992; Reynolds and Woolf, 1992; Georgiou et al., strate any substantial growth of target-deprived nerve ter-
minals. Thus, in the absence of marked growth, the normal1994; Son and Thompson, 1995). Most recently, it has been
shown that neuromuscular junctions of developing rat mus- retraction events would sum over time and result in overall
reduction in the extent of the nerve terminal arbor indepen-cles are destabilized by application of glial growth factor
which likely acts on terminal Schwann cells (Trachtenburg dent of stabilization cues.
and Thompson, 1997). The interaction between nerve ter-
minals and terminal Schwann cells thus may serve a variety
of synaptic functions, one of which may be the stabilization ACKNOWLEDGMENTS
and maintenance of nerve terminals at synaptic sites.
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